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 The reproductive system of wild male mink was examined upon necropsy.
 Brominated, chlorinated and perﬂuorinated organohalogen compounds were analyzed.
 Negative relationship between the anogenital distance (AGD) and p,p0-DDE was found.
 Mink with high concentrations of some perﬂuoroalkyl acids had a short AGD.
 The reproductive system of wild male mink may be used in environmental monitoring.a r t i c l e i n f o
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The wild American mink, a semi-aquatic top predator, is exposed to high levels of environmental pollu-
tants that may affect its reproductive system. In this study, the reproductive organs from 101 wild male
mink collected in Sweden were examined during necropsy. Potential associations between various vari-
ables of the reproductive system and fat concentrations of polychlorinated biphenyls (PCBs), polybromi-
nated diphenyl ethers (PBDEs), dichlorodiphenyldichloroethylene (p,p0-DDE) and other organochlorine
pesticides and liver concentrations of perﬂuoroalkyl acids (PFAAs) were investigated using multiple
regression models. The anogenital distance was negatively associated (p < 0.05) with concentration of
p,p0-DDE and some PFAAs (perﬂuorooctane sulfonate (PFOS), perﬂuorodecanoic acid (PFDA), perﬂuoroun-
decanoic acid (PFUnDA) and
P
PFAA). Penis length was positively associated with PCB 28, PCB 47/48, PCB
52 and PCB 110 (p < 0.05), and some of these congeners were also associated with baculum length and
penis weight. In contrast, penile length tended (p < 0.1) to be shorter in mink with high concentrations
of p,p0-DDE. These data may help to improve the understanding of how environmental pollution affects
male reproduction in both wildlife and humans. Overall, the study suggests endocrine disrupting effects
in wild mink and identiﬁes potentially important pollutants in the complex mixture of contaminants in
the environment. In addition, the results suggest that the variables of the reproductive system of male
mink used in this study are good candidates for use as indicators of environmental pollution affecting
the mammalian reproductive system.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
An increasing weight of evidence indicates that many pollutants
interfere with the hormone system (endocrine disrupting chemi-
cals) and cause adverse effects in both wildlife and humans
(WHO/UNEP, 2013). Many endocrine disruptors can affect the
complex physiological processes of the reproductive system by
interfering with, for example, oestrogen or androgen hormone syn-
thesis, metabolism or action (reviewed by Diamanti-Kandarakiset al., 2009). In mammalian wildlife, associations between pollu-
tants and alterations in the reproductive system have been
observed in polar bears (Sonne et al., 2006), grey seals (Bergman,
2007) and otters (Roos et al., 2012).
Another wild mammal has been extensively studied regarding
exposure of environmental pollutants, namely the American mink
(Neovison vison). It has been studied mostly in Northern America
(reviewed by Basu et al., 2007) as well as in Europe (Skaare et al.,
1981; Larsson et al., 1990; Mason and O’Sullivan, 1992;
Kalisinska et al., 2012; Persson et al., 2013a,b). Numerous studies
on domestic mink show that mink reproduction is altered by expo-
sure to pollutants, such as to organohalogen compounds (reviewed
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species because of certain characteristics (O’Brien et al., 1993; Basu
et al., 2007; Persson et al., 2012). For example, the mink is a top
predator (Gerell, 1967) which means it may bioaccumulate high
levels of contaminants. The mink has a small home range, approx-
imately 2.5 km along a shoreline (Gerell, 1970). Mink are relatively
stationary, although some roaming behavior can be seen during
the juvenile dispersal in July to about November (Gerell, 1970;
Bonesi and Macdonald, 2004). During this period they search for
their own territory and they have been observed to travel 5–
15 km (Halter, 1976; Bonesi et al., 2007) and an average of
18 km (Mitchell, 1961). In addition, some males disperse during
the breeding season in March, with similar or sometimes longer
dispersal distances (Gerell, 1970; Yamaguchi et al., 2004). This rel-
atively restricted area of mink activity enables the local contami-
nation to be reﬂected in the mink (Wren et al., 1986; Foley et al.,
1988).
The mink is a strictly seasonal breeder; the decreasing photope-
riod in the autumn stimulates gonadal activity (Jallageas et al.,
1994). In both adults and juveniles, testicular and ovarian weights
start to increase in October and reach maximum size prior to the
breeding season in late February or March. After the breeding sea-
son, organ sizes decrease and reach a minimum size by summer
(Pilbeam et al., 1979). In addition, age inﬂuences the reproductive
organs. The weight of the testes, epididymides and penis are hea-
vier and the anogenital distance is longer in one-year-old mink
than in juvenile mink, but do not increase further after one year
of age (Persson et al., 2011). However, the baculum, which com-
prises most of the distal part of the penis, seems to grow evenmore
after one year of age (Elder, 1951; Persson et al., 2011).
In our earlier studies, we have shown that wild mink in Sweden
are exposed to a variety of environmental contaminants, such as
polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers
(PBDEs), dichlorodiphenyldichloroethylene (p,p0-DDE), hexachlo-
robenzene (HCB), chlordanes (Persson et al., 2013b) and perﬂuoro-
alkyl acids (PFAAs) (Persson et al., 2013a). The concentrations of
these contaminants varied with geographical region, suggesting
that the mink is suitable as a sentinel for exposure. In this study,
we investigate whether those concentrations are associated with
the measurements of reproductive organs in male mink. If they
were associated, that would be another reason for the wild mink
to be a suitable sentinel species for studies on effects from environ-
mental pollutants.2. Materials and methods
2.1. Sampling and necropsies
One hundred and one frozen mink were collected from local
hunters in four ecologically different areas in Sweden. For a
description of areas, see Persson et al. (2013b). Necropsy was per-
formed (Persson et al., 2011). The anogenital distance was mea-
sured from the anus to the preputial opening. The penis was
dissected from the preputium and removed from the body at the
base at the perineal region and weighed. The epididymis was sep-
arated from the testis and they were weighed individually.
Decomposition was scored: (1) mild, for fresh specimens with no
or few signs of decomposition; (2) moderate, when signs of autol-
ysis were present; and (3) substantial, for more advanced autolysis.
Age was determined by tooth cementum analysis by Matson’s lab-
oratory (Milltown, Montana, USA), assuming a birth date of 1 May,
as the kits are usually born in early May (Hansson, 1947; Dunstone,
1993). Detailed information about age, weight of the body and of
subcutaneous fat and body length of the mink from the four areas
has been published (Persson et al., 2013b).2.2. Analyses of contaminants
The contaminant analysis data for the mink in this study have
been published (Persson et al., 2013a,b). Contaminant concentra-
tions in subcutaneous fat were analyzed using an Agilent 6890 GC
coupled to a low-resolution mass spectrometer (Agilent 5975).The
lipids were extracted with hexane/dichloromethane (1:1, v/v) on
open columns followed by clean up using a multi-layer silica col-
umn. The following contaminants were analyzed: PCB congeners
28, 52, 47/48, 74, 66, 101, 99/113, 110, 118, 114/122, 105, 153,
141, 138, 156, 157, 182/187, 180, 183, 170/190, 189, 194, 206 and
209. In addition, PBDE congeners 28, 47, 66, 85, 99, 100, 138, 153/
154, 183, 209 and methoxylated PBDEs (2MeO-PBDE 68, 6MeO-
PBDE 47, 4MeO-PBDE 49, 5MeO-PBDE 100, 4MeO-PBDE 103,
5MeO-PBDE 99) were analyzed, as were HCB, p,p0-DDE and o,p0-
DDE, cis-heptachlorepoxide, cis-chlordane, trans-chlordane, oxy-
chlordane, trans-nonachlordane, and cis-nonachlordane.
From liver samples, perﬂuorobutane sulfonate (PFBS), perﬂuo-
rohexane sulfonate (PFHxS), perﬂuorooctane sulfonate (PFOS)
and perﬂuorooctanoic acid (PFOA) perﬂuorononanoic acid (PFNA),
perﬂuorodecanoic acid (PFDA), perﬂuoroundecanoic acid (PFUn-
DA), perﬂuorododecanoic acid (PFDoDA) and perﬂuorotridecanoic
acid (PFTrDA) were extracted with acetonitrile, and the solution
was put through a WAX solid phase cartridge (Waters, Milford,
MA, USA). The analysis was then performed using an UPLC coupled
to a MS/MS mass spectrometer (Waters Corporations, Milford).
2.3. Statistical analysis
2.3.1. Excluded animals
One mink had PCB concentrations 10.2 standard deviations
above mean (sum of PCBs 124000 ng g1 fat) and was excluded
from the calculations made on contaminants analyzed in fat. How-
ever, data from the liver analysis (i.e. PFAAs) on this mink were
used. In addition, the results from PFAA analysis on a two-year-
old mink caught in autumnwere excluded due to non-reproducible
results of diluted extracts. One baculum was broken and therefore
excluded from calculations on the baculum and penis. Eight mink
with lesions on the testes and/or epididymides (see Section 3) were
excluded from calculations on those organs. One mink was identi-
ﬁed as an extreme outlier (by using Cook’s D) on anogenital, bacu-
lum and penis length measurements, and was therefore excluded
from those calculations.
2.3.2. Variables and models
The anogenital distance signiﬁcantly correlated with weight
(R = 0.67, p < 0.0001) and showed a weaker correlation with body
length (R = 0.46, p < 0.0001). Therefore, the anogenital distance
was adjusted for body weight (relative anogenital distance, AGD).
A baculum variable was created the same way, because it corre-
lated more with body weight than body length (0.67 and 0.58,
respectively, p < 0.0001). Correlations between penis length and
body weight or length did not differ, so normalization was made
with body weight for consistency. Paired testes and paired epidid-
ymides weights were normalized for body weight. Normalized
measurements were used instead of including body weight as a
covariate, because it kept the number of independent variables
low. In addition, using non-normalized measurements resulted in
a non-positive deﬁnite matrix of the random effects when calculat-
ing the regression models. The variable capture season (autumn
n = 42, winter n = 29 and spring n = 30) was constructed by using
hours of daylight at the capture date and site for each mink
(Persson et al., 2011). Age was analyzed as a continuous variable
(0–5 years old). Nutritional status was set as the weight of the sub-
cutaneous fat pad between the hind legs (g)/body weight (kg).
Contaminant concentration variables were excluded from the
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levels or if the mean concentration was <1 ng g1. In total, 39 dif-
ferent contaminant concentration variables were examined in the
models (see Table 2), of which three were summarized (
P
PCBs,
P
PBDEs, and
P
PFAAs). For samples in which a concentration
was below the limit of detection value, half of this value was used
in the calculations.
Multiple regression models were created using the MIXED pro-
cedure of SAS (SAS Institute Inc., Cary, NC, USA, version 9.2), with
anogenital distance, baculum length, penis length, penis weight,
testes weight, epididymides weights (all adjusted for body weight)
as the dependent variable. In our earlier work, we found that age,
season, nutritional status and decomposition score were important
factors to consider when analyzing necropsy variables in wild male
mink (Persson et al., 2011). Therefore, model selection started with
these variables in the full model. The variable sampling area was
used as a random factor. Many of the contaminant concentration
variables were highly correlated, which hindered inclusion of sev-
eral contaminants in the same model, and so we ﬁtted a model for
each contaminant. Model selection was done manually for each
dependent variable. Variables that had previously been identiﬁed
as having no inﬂuence on the dependent variables or the contam-
inant concentrations (as this was the variable of interest) were
omitted if insigniﬁcant (p < 0.05) and the model was improved
according to the Akaike information criteria (AIC) (Akaike, 1998).
Therefore, decomposition was omitted in all models, and capture
season was omitted from the anogenital distance model when
p,p0-DDE, PFOS and PFAA was included. Because nutritional status
signiﬁcantly inﬂuences body weight (Persson et al., 2011), this var-
iable was kept in all models, except for the AGDmodels when PFOS
or PFAA were included. In these models, nutritional status was
removed to solve a problem with non-positive deﬁnite matrix of
the random effect. This resulted in slightly higher p-values for PFOS
and
P
PFAA, but this model was considered to be the best possible
model (also according to AIC).
Interactions between all remaining independent variables were
then tested and included if signiﬁcant. The signiﬁcant interaction
terms contained the variables nutritional status, age or sample sea-
son in different combinations (there was no signiﬁcant interaction
term with the variable contaminant concentration in it). The mod-
els in which a contaminant concentration had a p-value less than
0.1 are presented in Table 1. Results with p-values <0.1 were con-
sidered to be a trend, and p-values <0.05 were considered signiﬁ-
cant. All dependent variables and all contaminant variables were
log-transformed to meet the assumptions of general linear models.
Using the diagnostic plots of the residuals generated by the MIXEDTable 1
Analysis of variance of reproductive variables and contaminant concentrationsa in wild m
Contaminant concentrationc Dependent variablesb
Anogenital distance
p,p0-DDE 0.021 &d
PFOS 0.027 &
PFDA 0.033 &
PFUnDA 0.060 &
P
PFAA 0.024 &
PCB 28
PCB 47/48
PCB 52
PCB 110
PCB 209
a PCBs and p,p0-DDE were analyzed in subcutaneous adipose tissue (lipid weight) and
for PFUnDA in the anogenital distance model, where n = 85.
b Adjusted for body weight.
c Independent variable (for other independent variables, see Section 2). Only contami
d p-Value for the contaminant concentration variables. % symbolizes positive and &procedure, normality, heteroscedasticity and linear relationships
between the dependent and independent variables were exam-
ined. Cook’s D was calculated for investigating the inﬂuence of
individual observations. The Satterthwaite denominator degrees
of freedom method was used. Correlations between the contami-
nant concentrations were investigated using the Pearson correla-
tion test of the SAS CORR procedure. The dependent variables
were divided into quintiles and mean concentrations of contami-
nants for the ﬁrst and last quintile were calculated using the SAS
MEAN procedure.3. Results
3.1. Necropsy – reproductive organs
The range of the measurements on the reproductive system
were: relative anogenital distance 46–84 mm (kg BW)1, relative
baculum length 32–57 mm (kg BW)1, relative penis length 40–
75 mm (kg BW)1, relative penis weight 0.6–2.8 g (kg BW)1, rela-
tive testes weight 0.1–4.5 g (kg BW)1 and relative epididymides
weight 0.1–1.2 g (kg BW)1. The range of the unadjusted variables
were: anogenital distance 49–80 mm, baculum length 28–51 mm,
penis length 42–68 mm and penis weight 0.4–3.2 g. Testes and epi-
didymides weights ranged between 0.2–4.6 g and 0.1–1.3 g,
respectively.
Three mink, all from the same area (Koster Islands in the Skag-
errak sea), were unilateral cryptorchid; a small testis and epididy-
mis was found high up in the scrotum near the inguinal canal.
Three mink, two from the Baltic coast and one from the northern
rural parts of Sweden, had one strikingly smaller testicle, which
was located in normal position in the scrotum. In these mink, the
epididymides were normal or just slightly smaller than normal in
size. Histological examination of these small testicles was ham-
pered by decomposition and/or poor ﬁxation. One mink had unilat-
eral aplasia of the cauda epididymidis and another mink had
bilateral aplasia, but the size of the testicles seemed unaffected
in both mink. One mink had a fractured baculum – the bone lay
in two overlapping pieces that had rounded edges, indicating
remodelling of the fractured bone.3.2. Associations between variables of the reproductive system and
contaminant concentrations
The associations between the reproductive variables and the
contaminant concentrations are shown in Table 1. Signiﬁcantale mink from Sweden.
Baculum length Penis length Penis weight
0.066 &
0.060 % 0.015 %
0.015 % 0.022 %
0.023 % 0.010 % 0.049 %
0.043 % 0.029 % 0.062 %
0.096 &
all PFAAs in liver (wet weight). 97–99 observations were used in the models, except
nant concentrations with p-values <0.1 are shown.
negative relationship with the dependent variable.
Table 2
Average concentrations (ng g1) ± standard deviations of PCBs, PBDEs, pesticides and PFAAs in mink (fat or liver)a with the shortest relative anogenital distanceb (1st quintile) and
the longest anogenital distance (5th quintile). Note: these data are not adjusted (for age, etc.).
1st Quintile 5th Quintile 1st Quintile 5th Quintile
PCB 28* 2.3 ± 3.0 7.5 ± 27.3 cis-Heptachlorepoxide 1.8 ± 2.2 1.2 ± 1.5
PCB 52* 2.0 ± 2.0 11.3 ± 44.2 cis-Chlordane 0.2 ± 0.5 0.2 ± 0.4
PCB 47/48* 13.6 ± 22.8 55.7 ± 227 trans-Chlordane 0.3 ± 0.5 0.3 ± 0.4
PCB 74* 28.2 ± 62.5 21.5 ± 56.9 Oxychlordane* 31.1 ± 38.3 21.2 ± 26.9
PCB 66* 8.4 ± 14.5 10.6 ± 32.3 trans-Nonachlordane 1.3 ± 1.5 1.2 ± 1.3
PCB 101* 13.4 ± 21.7 22.0 ± 64.8 cis-Nonachlordane 0.4 ± 0.5 0.3 ± 0.6
PCB 99/113* 255 ± 394 230 ± 549
PCB 110* 2.5 ± 4.2 6.1 ± 19.7 PBDE 28 0.2 ± 0.1 0.2 ± 0.3
PCB 118* 568 ± 1380 211 ± 308 PBDE 47* 21.3 ± 24.7 30.3 ± 55.1
PCB 114/122* 6.2 ± 8.8 4.6 ± 8.7 PBDE 66 0.2 ± 0.2 0.2 ± 0.3
PCB 105* 120 ± 200 75.0 ± 135 PBDE 85 0.3 ± 0.6 0.2 ± 0.4
PCB 153* 1950 ± 2870 1210 ± 1980 PBDE 99* 4.1 ± 5.6 6.4 ± 8.4
PCB 141* 2.8 ± 5.4 2.3 ± 3.6 PBDE 100* 7.3 ± 10.1 7.9 ± 14.4
PCB 138* 1890 ± 3160 1130 ± 1650 PBDE 138 0.6 ± 0.8 0.2 ± 0.3
PCB 156* 313 ± 491 229 ± 381 PBDE 153/154* 13.9 ± 18.5 16.8 ± 23.7
PCB 157* 49.0 ± 70.9 34.5 ± 59.8 PBDE 183 0.2 ± 0.3 0.2 ± 0.2
PCB 182/187* 87.8 ± 166 50.3 ± 87.5 PBDE 209 1.6 ± 2.2 0.4 ± 0.3
PCB 180* 2170 ± 4200 1570 ± 2470
P
PBDE* 48.6 ± 50.9 62.7 ± 88.8
PCB 183* 96.8 ± 164 65.7 ± 92.0
P
MeO-PBDE 4.9 ± 6.0 5.6 ± 8.9
PCB 170/190* 1220 ± 2260 975 ± 1630
PCB 189* 43.7 ± 77.3 38.4 ± 60.4 PFBS 0.6 ± 0.7 0.5 ± 0.8
PCB 194* 396 ± 926 439 ± 1148 PFHxS* 10.1 ± 21.1 2.9 ± 4.5
PCB 206* 64.4 ± 139 82.3 ± 231 PFOS* 1970 ± 4854 339 ± 331
PCB 209* 37.5 ± 72.7 28.1 ± 47.3 PFOA 2.6 ± 2.2 1.6 ± 2.2
P
PCB* 9340 ± 15800 6520 ± 10360 PFNA* 58.3 ± 49.0 46.9 ± 53.9
PFDA* 41.1 ± 17.2 24.5 ± 20.1
HCB* 38.6 ± 95.6 16.5 ± 18.6 PFUnDA* 37.5 ± 15.0 28.9 ± 24.0
p,p0-DDE* 818 ± 2170 278 ± 467 PFDoDA 7.4 ± 2.7 4.7 ± 5.0
o,p0-DDE 0.3 ± 0.9 0.1 ± 0.1 PFTrDA 3.7 ± 3.1 2.1 ± 2.1
P
PFAA* 2110 ± 4867 438 ± 400
a PCBs. PBDEs and pesticides analyzed in subcutaneous fat and PFAAs in liver.
b Relative to body weight.
* Contaminants included in regression models.
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PFOS, PFDA, and
P
PFAAs concentrations. In addition, AGD tended
to be negatively associated (p < 0.1) with PFUnDA. Baculum length
and relative penis length were signiﬁcantly and positively associ-
ated with PCB congeners 47/48, 52 and 110, and association with
PCB 28 only approached signiﬁcance. In addition, relative penis
weight was positively associated with PCB 52 and tended to be
positively associated with PCB 110. In contrast, there was a signif-
icant negative association between relative penis length and p,p0-
DDE and PCB 209. No associations to contaminant concentrations
were found for the weight of the testes or epididymides weights.
For overview of the concentrations of all the contaminants ana-
lyzed, mean contaminant concentrations of the ﬁrst and last quin-
tile of the AGD are found in Table 2. Quintile data for baculum and
penis measurements are found in Table 3. No adjustments or sta-
tistical comparisons have been performed on these data.4. Discussion
In this study, we found several associations between reproduc-
tive traits and concentrations of single contaminants in wild male
mink. These associations do not prove causality. However, most of
the ﬁndings ﬁt well with current knowledge from other studies on
male reproduction. Thus, the results from this study may add to
the understanding of how complex mixtures of environmental pol-
lutants affect male reproduction in both wildlife and humans. To
demonstrate the levels of contaminants found in mink with the
shortest and longest AGD, we show the mean concentrations of
1st and 5th quintile for all chemicals analyzed (n = 58) in Table 2.The corresponding tables for baculum and penis length and penis
weight are found in Table 3.
The necropsies revealed some mink with reproductive organ
lesions. Three out of 26 mink from the same area on the west coast
of Sweden were cryptorchid. To increase the sample size, we
looked at all our data collected in this area (after this study) and
out of 35 mink, there were still only three cryptorchid mink
(8.6%). In farmed mink, an occurrence of 1.3% (Onstad, 1967) and
of 6.4% (Sundqvist et al., 1986) has been reported. This seemingly
elevated frequency in wild mink needs further investigation.
No associations were found between testes or epididymides
weight and contaminant concentrations. This contrasts with obser-
vations in another top predator, polar bears in East Greenland,
which showed negative relationship between testis size and body
fat concentrations of organohalogen pollutants (Sonne et al.,
2006). However, a small subset of mink one year old or older
caught during the breeding season (n = 20) showed a trend of
decreasing testicular weight with increasing concentrations of
P
PCB (p < 0.1). This points to the need for large samples or season-
ally restricted samples to make a reasoned assessment, as these
organs vary signiﬁcantly with season and to some extent with
age (Persson et al., 2011).
Notably, no associations were found for the PBDEs, although
several congeners may be anti-androgenic and do disrupt the male
reproductive system in rats (Kuriyama et al., 2005; Stoker et al.,
2005; Lilienthal et al., 2006). The concentrations found in these
mink (range 2.0–390 ng (g lw)1) (Persson et al., 2013b) may not
be high enough to cause adverse effects, but they should be consid-
ered to be parts of the mixture of contaminants that the mink are
exposed to.
Table 3
Average concentrations (ng g1) ± standard deviations of PCBs, PBDEs, pesticides and PFAAs in mink (fat or liver)a in the 1st quintile and the 5th quintile of reproductive trait.
Note: these data are not adjusted (for age, etc.).
Baculumb Penis lengthb Penis weightb
1st Quintile 5th Quintile 1st Quintile 5th Quintile 1st Quintile 5th Quintile
PCB 28 2.1 ± 3.0 9.7 ± 27.6 2.1 ± 3.0 14.4 ± 33.5 7.1 ± 23.0 20.5 ± 36.0
PCB 47/48 11.5 ± 21.8 198 ± 508 10.8 ± 21.6 283 ± 604 25.8 ± 65.4 403 ± 652
PCB 52 1.9 ± 2.8 21.2 ± 51.6 1.4 ± 1.3 31.7 ± 66.4 4.3 ± 8.9 43.4 ± 69.3
PCB 66 8.2 ± 14.7 17.3 ± 36.3 8.1 ± 14.7 27.9 ± 57.3 15.8 ± 39.1 41.3 ± 65.3
PCB 74 28.7 ± 62.6 47.0 ± 96.2 28.0 ± 62.6 66.6 ± 120 50.9 ± 121 110 ± 162
PCB 99/113 210 ± 345 503 ± 1227 200 ± 343 754 ± 1530 345 ± 718 976 ± 1555
PCB 101 10.8 ± 14.9 45.3 ± 98.6 10.2 ± 14.9 70.2 ± 139 19.8 ± 33.8 114 ± 176
PCB 105 117 ± 193 110 ± 192 113 ± 193 162 ± 257 186 ± 411 228 ± 295
PCB 110 1.7 ± 2.2 175 ± 751 1.7 ± 2.2 182 ± 750 3.5 ± 6.0 197 ± 767
PCB 114/122 5.9 ± 8.4 6.9 ± 11.9 5.9 ± 8.4 9.1 ± 13.7 9.7 ± 22.2 14.5 ± 21.2
PCB 118 528 ± 1367 296 ± 484 505 ± 1369 395 ± 579 640 ± 1493 735 ± 1285
PCB 138 1570 ± 2802 1089 ± 1698 1499 ± 2803 1407 ± 1960 1560 ± 2948 2178 ± 2864
PCB 141 2.5 ± 3.7 1.7 ± 2.4 2.3 ± 3.7 2.5 ± 3.7 3.3 ± 4.2 3.0 ± 4.4
PCB 153 1632 ± 2389 1205 ± 2030 1517 ± 2363 1466 ± 2221 1536 ± 2585 2156 ± 2805
PCB 156 259 ± 360 177 ± 349 253 ± 363 260 ± 414 279 ± 472 363 ± 474
PCB 157 43.7 ± 59.6 30.6 ± 58.1 40.1 ± 57.6 41.7 ± 65.1 42.6 ± 70.8 66.3 ± 97.3
PCB 170/190 929 ± 1326 691 ± 1460 944 ± 1370 961 ± 1624 895 ± 1491 1405 ± 2069
PCB 180 1570 ± 2289 1227 ± 2332 1529 ± 2300 1585 ± 2518 1476 ± 2480 2288 ± 3114
PCB 182/187 87.0 ± 145 39.0 ± 44.3 75.9 ± 142 61.6 ± 89.5 104 ± 160 65.3 ± 70.6
PCB 183 90.2 ± 131 51.9 ± 53.5 88.1 ± 128 76.5 ± 98.1 101 ± 147 85.0 ± 84.3
PCB 189 34.2 ± 38.2 27.5 ± 54.2 33.8 ± 39.1 38.1 ± 61.1 31.3 ± 46.0 50.2 ± 66.0
PCB 194 248 ± 294 376 ± 1148 254 ± 311 503 ± 1193 272 ± 546 706 ± 1330
PCB 206 41.9 ± 46.0 75.2 ± 233 45.4 ± 50.0 97.4 ± 241 43.7 ± 95.3 150 ± 283
PCB 209 28.3 ± 34.4 22.0 ± 46.6 27.7 ± 31.3 24.8 ± 46.4 10.7 ± 16.0 39.6 ± 54.9
P
PCB 7461 ± 11687 6442 ± 10971 7197 ± 11693 8520 ± 12544 7663 ± 13363 12439 ± 15822
PBDE 28 0.1 ± 0.1 0.2 ± 0.3 0.1 ± 0.1 0.2 ± 0.3 0.1 ± 0.1 0.1 ± 0.1
PBDE 47 21.2 ± 17.4 26.4 ± 54.6 18.8 ± 14.4 27.4 ± 54.7 18.5 ± 16.7 13.8 ± 17.6
PBDE 66 0.2 ± 0.2 0.2 ± 0.3 0.2 ± 0.1 0.2 ± 0.3 0.2 ± 0.1 0.2 ± 0.2
PBDE 85 0.3 ± 0.5 0.3 ± 0.4 0.3 ± 0.6 0.2 ± 0.4 0.2 ± 0.1 0.1 ± 0.1
PBDE 99 4.3 ± 5.3 5.5 ± 8.2 3.7 ± 5.2 5.7 ± 8.0 3.9 ± 4.2 3.4 ± 2.9
PBDE 100 7.6 ± 8.9 6.4 ± 13.8 6.6 ± 7.9 7.3 ± 14.2 7.6 ± 9.5 2.8 ± 3.2
PBDE 138 0.4 ± 0.6 0.2 ± 0.3 0.5 ± 0.8 0.2 ± 0.3 0.1 ± 0.1 0.4 ± 1.0
PBDE 153/154 13.5 ± 17.8 14.5 ± 23.5 12.9 ± 17.7 17.3 ± 23.7 11.4 ± 18.9 17.7 ± 25.6
PBDE 183 0.2 ± 0.3 0.2 ± 0.4 0.2 ± 0.3 0.2 ± 0.4 0.1 ± 0.1 0.2 ± 0.2
P
PBDE 47.8 ± 41.0 54.1 ± 88.0 43.5 ± 37.8 58.9 ± 88.2 42.2 ± 43.0 39.3 ± 43.6
P
MeO-PBDE 6.2 ± 6.6 4.5 ± 8.7 7.1 ± 7.3 4.0 ± 8.6 4.9 ± 5.9 1.5 ± 1.6
HCB 41.4 ± 95.2 10.8 ± 7.3 40.3 ± 95.4 12.4 ± 15.3 41.8 ± 95.6 10.2 ± 6.7
cis-Heptachlorepoxide 1.8 ± 1.8 0.7 ± 0.7 1.9 ± 1.7 0.7 ± 0.7 1.9 ± 2.2 0.7 ± 0.9
cis-Chlordane 0.2 ± 0.5 0.2 ± 0.4 0.2 ± 0.5 0.2 ± 0.4 0.1 ± 0.0 0.1 ± 0.1
trans-Chlordane 0.3 ± 0.5 0.2 ± 0.4 0.3 ± 0.5 0.2 ± 0.4 0.2 ± 0.2 0.2 ± 0.2
Oxychlordane 29.4 ± 29.0 12.7 ± 10.1 30.5 ± 28.7 13.2 ± 15.8 31.0 ± 36.7 11.3 ± 12.5
trans-Nonachlordane 1.4 ± 1.6 0.8 ± 0.9 1.5 ± 1.6 0.6 ± 0.7 2.0 ± 2.3 0.7 ± 1.1
cis-Nonachlordane 0.4 ± 0.6 0.3 ± 0.5 0.4 ± 0.6 0.2 ± 0.5 0.4 ± 0.6 0.1 ± 0.1
p,p0-DDE 886 ± 2182 215 ± 186 864 ± 2169 250 ± 285 912 ± 2142 232 ± 193
o,p0-DDE 0.3 ± 0.9 0.1 ± 0.1 0.3 ± 0.9 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1
PFBuS 0.4 ± 0.6 0.5 ± 0.6 0.5 ± 0.7 0.5 ± 0.6 0.3 ± 0.5 0.4 ± 0.4
PFHxS 4.3 ± 3.6 7.3 ± 13.8 4.9 ± 3.7 11.2 ± 23.3 8.8 ± 23.8 20.5 ± 30.7
PFOS 706 ± 568 1412 ± 4228 783 ± 543 1867 ± 4696 919 ± 2083 3407 ± 6355
PFOA 2.7 ± 1.8 2.0 ± 2.0 2.9 ± 1.8 1.5 ± 1.5 2.7 ± 2.5 0.8 ± 1.1
PFNA 64.5 ± 56.6 48.2 ± 47.8 75.7 ± 54.9 37.9 ± 33.1 60.5 ± 55.9 27.8 ± 16.7
PFDA 35.0 ± 18.1 28.0 ± 21.9 38.8 ± 15.8 26.5 ± 21.3 26.0 ± 17.2 37.0 ± 29.2
PFUnDA 34.6 ± 14.3 32.0 ± 23.5 37.1 ± 13.1 29.0 ± 22.0 23.6 ± 14.9 27.4 ± 19.1
PFDoDA 6.2 ± 2.3 6.3 ± 5.7 6.5 ± 2.0 6.3 ± 6.3 4.6 ± 3.2 6.3 ± 5.9
PFTrDA 3.2 ± 1.8 2.7 ± 2.4 4.0 ± 2.4 2.3 ± 2.3 1.9 ± 1.0 2.3 ± 2.4
P
PFAA 842 ± 596 1522 ± 4258 935 ± 559 1967 ± 4728 1037 ± 2111 3520 ± 6391
a PCBs. PBDEs and pesticides analyzed in subcutaneous fat and PFAAs in liver.
b Relative to body weight.
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AGD is a well-established endpoint in rats for assessing endo-
crine disruption during foetal life. Prenatal exposure to xenobiotics
can lead to permanent changes in AGD that can be measured in
adulthood (McIntyre et al., 2001; Bowman et al., 2003; Welsh
et al., 2008; van den Driesche et al., 2011). It has been proposed
that AGD may be predictive of disorders related to testicular dys-
genesis syndrome (TDS), as AGD has been associated with cryptor-
chidism and hypospadias in boys (Swan et al., 2005; Hsieh et al.,2012). Such associations are also found in rats, along with correla-
tions with penis length, testicle size and accessory sex organ size
(Welsh et al., 2008; MacLeod et al., 2010). AGD has also been mea-
sured in studies on domesticated mink (Restum et al., 1998), mice
(Iguchi et al., 1991), guinea pigs (Connolly and Resko, 2008), gerbils
(Clark et al., 1990), ferrets (Tobet and Baum, 1987), prairie voles
(Lonstein and De Vries, 2000) blue fox (Osadchuk et al., 2003)
and pigs (Durlej et al., 2011). However, to best of our knowledge
the anogenital distance has not been measured in any ﬁeld study
on wild mammalians.
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could be attributed to prenatal exposure to chemicals with anti-
androgenic effects, but possibly also to exposure during later
phases of development. In one study on rats, AGD was not affected
by postnatal exposure alone (van den Driesche et al., 2011), but in
a study on mice it resulted in a reduced AGD (Zheng and Cohn,
2011). In another study on rats, AGD was reduced after prenatal
exposure, but in combination with postnatal exposure it was
reduced even further (MacLeod et al., 2010).
In our study, there was a signiﬁcant negative association
between AGD and p,p0-DDE concentrations in the mink. p,p0-DDE
is a potent inhibitor of androgen binding to the androgen receptor
and alters the expression of androgen-related genes in vitro (Kelce
et al., 1995) and in the prostate of rats (Kelce et al., 1997). How-
ever, serum concentrations of testosterone seem to be unaffected
by p,p0-DDE exposure (Kelce et al., 1997; Loefﬂer and Peterson,
1999; Kang et al., 2004). A reduced AGD has been observed in male
rats exposed to p,p0-DDE in utero (You et al., 1998; Wolf et al.,
1999). A decreased AGD has also been associated with exposure
to p,p0-DDE during the ﬁrst trimester in boys (Torres-Sanchez
et al., 2008). During the ﬁrst trimester, the concentration in the
90th percentile was 8864 ng p,p0-DDE (g lw)1 in the mothers
serum, which is higher than the average concentrations found in
the 1st quintile in male mink in our study (818 ± 2170 ng (g lw)1
in adipose tissue, Table 2). However, another study on boys found
no such associations (Longnecker et al., 2007).
There was no association between the concentrations of PCB
congeners and anogenital distance in this study, which is in line
with ﬁndings in a study on farmed mink fed PCB-contaminated
carp (Restum et al., 1998). In addition, AGD in rats was not affected
by prenatal PCB 153 exposure (Kobayashi et al., 2008) or by a mix-
ture of PCB 138, PCB 153, and PCB 180 (Dickerson et al., 2011).
Moreover, prenatal exposure to PCB 118 has been seen to increase
the AGD in rats (Kuriyama and Chahoud, 2004). However, many
PCB congeners have been shown to interfere with the androgen
receptors in vitro (Bonefeld-Jørgensen et al., 2001; Portigal et al.,
2002; Schrader and Cooke, 2003) and to have anti-androgenic
effects in vivo (Hany et al., 1999; Kaya et al., 2002). As a result they
should be considered as possible contributors to the effects of com-
plex mixture of contaminants and should not be overlooked when
assessing anti-androgenic effects.
In our study, several PFAAs were negatively associated with
AGD. A reduction AGD in male rat fetuses after exposure to PFOS
has been observed (Zhao et al., 2014), but we have not found any
study addressing the AGD in relation to PFAAs in older animals.
There are contradictory reports whether PFAAs antagonize the
androgen receptor activity (similarly to p,p0-DDE) or not (Du
et al., 2013; Kjeldsen and Bonefeld-Jørgensen, 2013). The effects
of PFAAs on the male reproductive system includes increased germ
cell apoptosis (Shi et al., 2007; Feng et al., 2009), decreased weight
of the reproductive organs (Bookstaff et al., 1990; Shi et al., 2007;
Zhao et al., 2014) and lower epididymal sperm counts (Wan et al.,
2011). In addition, and in contrast to p,p0-DDE, PFAAs seem to
affect testosterone concentrations by decreasing the expression
of genes involved in steroid biosynthesis (Shi et al., 2007; Zhao
et al., 2010, 2014; Wan et al., 2011; Du et al., 2013). Serum testos-
terone levels were reduced in mice exposed to PFOS (Wan et al.,
2011) and rats exposed to PFOA (Biegel et al., 1995), PFNA (Feng
et al., 2009) and PFDoDA (Shi et al., 2007). Moreover, a recent study
on Danish men reported a negative association between testoster-
one levels and PFOS (Joensen et al., 2013), although previous stud-
ies on men did not ﬁnd this association (Raymer et al., 2012;
Specht et al., 2012). Considering the potential endocrine disrupting
properties of these pollutants and the high levels of PFOS in mink
(Kannan et al., 2005; Persson et al., 2013a) and in other wildlifesuch as otters (Roos, 2013) and polar bears (Dietz et al., 2008),
our results should warrant further investigation.
4.2. Baculum length and penis weight and length
As with the AGD, penis formation can be altered by chemical
exposure during prenatal development (Welsh et al., 2008). How-
ever, androgens are also needed for postnatal growth of the penis
(George et al., 1989; van den Driesche et al., 2011). It has been
shown in long-tailed weasel, a species related to the mink, that
the growth of the baculum is androgen-mediated (Wright, 1950).
The development of the baculum was arrested in castrated imma-
ture males and if castrated males were given testosterone, the bac-
ulum developed to the adult type. In mice, neonatal treatment with
an antiandrogen inhibits the growth of the baculum (Glucksmann
et al., 1976). In rats, the early growth of the baculum seems to be
dependent on androgen as well as estrogen that have been locally
converted from testosterone through aromatization (Yonezawa
et al., 2011).
In our study, the concentration of PCB congeners 28, 47/48, 52
and 110 were positively related to baculum length, and some of
them were also associated with penis length and weight (Table 1).
In a previous study on wild mink, a decrease in baculum length
with increased concentrations of PCBs was found in eight juveniles
from Canada (Harding et al., 1999). However, feeding PCB to farm
mink from 12 to 32 weeks of age did not result in alterations in
baculum length (Aulerich et al., 2000). A comparison with these
data must be made with caution as the sample size was small
and the dosing in the experimental study was performed during
a relatively late stage of the development of the baculum. As PCB
28, PCB 47/48, PCB 52 and PCB 110 have been shown to possess
(often weak) oestrogenic effects (Jansen et al., 1993; Soto et al.,
1995; DeCastro et al., 2006; Hamers et al., 2011), it might be spec-
ulated that these congeners might reﬂect a protective or stimulat-
ing effect of oestrogen on baculum growth. However, PCB 28 has
been found to be an inhibitor of aromatase in vitro (Woodhouse
and Cooke, 2004), which would hypothetically cause a reduction
in the baculum length. Several wildlife studies have reported
reductions in baculum length and weight. In adult and subadult
polar bears, bone mineral density and baculum weight and length
were negatively associated with several pollutants, such as HCB,
P
DDTs and
P
PCBs (Sonne et al., 2006). In adult river otters from
west USA, baculum length and weight were negatively associated
with concentrations of some (highly chlorinated) PCBs, DDE and
some other pesticides (Grove, 2007). Recently, a small but signiﬁ-
cant decline in baculum weight between 1992 and 2009 was
reported in a study on a large number of otters in the UK (Kean
et al., 2013).
There tended to be a negative association between penile length
and the concentration of p,p0-DDE (Table 1). This is in line with
what was found in Florida alligators living in a lake where the
major contaminant in the juvenile alligators was p,p0-DDE. These
alligators had smaller phallus size compared to alligators in a less
contaminated lake (Guillette et al., 1994, 1996, 1999, 2000).
4.3. Conclusions
Wild male mink are exposed to a complex mixture of contami-
nants that may have endocrine disrupting effects. PFOS, PFDA,
PFUnDA,
P
PFAA and p,p0-DDE showed signiﬁcant negative associ-
ations with anogenital distance. In addition, penis length tended to
be shorter in mink with high concentrations of p,p0-DDE. These
results resemble anti-androgenic effects observed in rats. More-
over, the concentrations of several PCB congeners were signiﬁ-
cantly associated with longer baculum and penis and heavier
S. Persson, U. Magnusson / Chemosphere 120 (2015) 237–245 243penis weight. These ﬁndings are difﬁcult to interpret and empha-
size the challenge of analyzing effects of complex mixtures of
pollutants.
Several of the results in this study harmonize with current
knowledge gained from several species. We suggest that the vari-
ables of the reproductive system of male mink used in this study
are good candidates for use as indicators of environmental pollu-
tion affecting the mammalian reproductive system.Acknowledgements
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